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Abstract

Brittle crushing of iron-rich natural rocks was demonstrated to produce neutron emission, sometimes orders of magnitude larger than
the environmental background. Chemical composition changes and a global ponderal equivalence, respecting atomic weight and
atomic number balances, were observed. Phonons and plasmons induced by brittle crushing, if sufficiently energetic andresonant
with the atomic lattice, may split the nucleus into different fragments and neutrons. It is relevant to emphasize how theearth’s crust
evolution from basaltic to sialic can be consistently explained by these experimental data and theoretical assumptions when applied
to tectonics.
© 2023 ICCF. All rights reserved. ISSN 2227-3123
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1. Introduction

Recently, a new explanation of the neutron emissions from stone breaking has been suggested [1], i.e., the phono-
fission reactions repeatedly revealed in a great number of experiments [2]–[5]. The approach was based on the spalling
effects generated by the plasmon-lattice interaction [1].Indeed, different types of detectors have demonstrated the
presence of neutron emissions, in some cases by several orders of magnitude higher than the usual environmental
background [2]–[5]. Any solid body is subjected to rapid fluctuations for a few moments when it breaks in a brittle
way, even if only partially, or when the formation and propagation of micro-cracks occurs. Macroscopically, this
appears in the form of longitudinal waves of expansion-contraction (tension-compression), in addition to transverse
(shear) waves [2]–[5]. Microscopically, these pressure waves are phonons or plasmons in relation to the frequency
under consideration [6]–[9]. Even if phonons and plasmons originate from different mechanisms, they are both bosons
in the many-body quasi-particle perspective, and share several similarities. In particular, a plasma oscillation can
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be considered as a sort of longitudinal phonon in which the elastic modulus, as well as the frequency of transverse
oscillation, is equal to zero [8].

At the nanoscale, the frequency measured is that at the orderof terahertz [2]–[5], [10], [11]. During the experi-
mental activities, significant neutron emissions (phono-fission neutrons) have been repeatedly measured [2]–[5], [10].
The neutron flux was found to depend on the iron content, and besides this, on the size of the specimen, through
the well-known brittleness size effect [11]. Larger sizes imply a higher brittleness, i.e. a more relevant strain energy
emission, and therefore more neutrons.

Moreover, the resulting nuclear transmutations are particularly evident for loadstones, which leads to the con-
clusion that they happen as a consequence of photo-disintegration [12]–[15]. The electro-strong coupling between
electromagnetic fields and nuclear giant dipole resonanceshas been considered as the theoretical core for the explana-
tion of the observed nuclear reactions. The electro-weak interactions can produce neutrons from energetic protons and
electrons, thus inducing nuclear transmutations. The electro-strong condensed matter coupling can represent many new
body collective nuclear photo-disintegration effects [12], [16]–[18]. On the other hand, the spalling neutrons approach
is very useful in explaining the experimental results obtained in relation to the neutron emissions from stone breaking.
Moreover, it allows us also to link the experimental resultsto the energy-mass conversion balance inside solid lattices.
Indeed, it recalls some new discussions on mass [19] in the universe, founded on the fundamental laws of physics, with
particular regards to the principle of least action [19]–[22]. In this context, the discrete character of nature was proven
to be reflected in multiplicity at all levels of its hierarchical organization [19]–[22], and that the basic geometry implies
also how baryons could pack together in an atomic nucleus. Inthis way, it has been highlighted how a coordinate
of space embodies a closed circulation of energy, and a moment of time will elapse when the circulation opens up
either to acquire or discard quantized flux of energy [23]. Consequently, the mass of a body depends on how much its
energy density on the least-action path perturbs, i.e. the elastic energy of the solid lattice. Therefore, the curvature and
chirality of particular paths invariably relate gravitational and electromagnetic interactions, as well as weak and strong
interactions, with one another [19].

These last considerations allow us to introduce further ones on the links among solid lattice and the fundamental
interactions inside the solids.

The key mechanisms through which low-energy nuclear reactions can occur are well known: for neutron production
(and subsequent nuclear transmutations) via weak interactions, special conditions in condensed matter systems must
be found, which accelerate an electron to MeV range of energies. If certain particular conditions are verified, the
electromagnetic energy stored in many relatively slow-moving electrons can be collectively transferred into fewer,
much faster electrons with energies sufficient for the latter to combine with protons (or deuterons, if present) to produce
neutrons via weak interactions. In this way, electromagnetic and weak interactions can induce low-energy nuclear
reactions to occur with observable rates for a variety of processes. The produced neutrons can then initiate low-energy
nuclear reactions through further nuclear transmutations.

In this paper, a novel tentative explanation of some experimental results will be given by means of a theory starting
from collective oscillations of electronic density insidethe solid lattice, i.e., plasmons.

2. Materials and Methods

A plasmon is a collective oscillation of the electronic density [7]–[9] inside the solid lattice. At the equilibrium state,
the electric charge of the electronic gas is balanced by the electric charge of the nuclei of the lattice knots [7]–[9],
whereas, when the electron gas moves through a lattice dislocation, a charge asymmetry occurs on the opposite sides
of the dislocation itself with the consequent generation ofa reactive force which causes a simple harmonic motion at



86 Carpinteri et al. / Journal of Condensed Matter Nuclear Science 37 (2023) 84–97

the plasmonic frequency [6]:

ω2

ph =
ne2

ε0meff

(1)

wheren is the electron density,e is the electric charge of the electron,ε0 is the electric permittivity in vacuum, and
meff is the effective electron mass. For the crushing of iron-rich natural rocks, the plasmonic frequency has been
obtained [1] as (see Appendix):

ω2

ph =
neffe

2

ε0meff

=
2πc2

a2 ln
(
a
r

) (2)

with:

neff =
A

a2
n (3)

wherea is the lattice constant,c is the speed of light andneff is the number of electrons which concur to the plasmonic
frequency. This number is not equal to the total number of allelectrons, but only to the ones really in motion inside
the dislocation, in a direction perpendicular to the dislocation surface itself, of areaA = πr2. The electronic motion
generates a magnetic field, which produces a self-inductioneffect with a consequent superposition of different forces
acting on the electrons: the resulting effect is represented by the apparent effective mass of the electrons [6]:

meff =
µ0

2π
ne2A ln

(a
r

)
(4)

whereµ0 is the magnetic permeability in vacuum, introduced in relation to the self-inductance of the current generated
by the electron motion in accordance with [6], andr is the radius of the virtual cylinder generated by the electron
trajectories. Plasmons produce important effects on the physical properties of matter interacting with electromagnetic
fields, because they generate a relative electric permittivity:

ε (ω) = 1−
ω2

ph

ω (ω + iγ)
(5)

whereγ is the damping factor andω is the electromagnetic frequency. The value of relation (5)is negative for
frequencies lower than the plasmonic ones. The physical meaning of this negative electric permittivity consists in the
generation of electromagnetic structures at the border of dislocations.

It was also highlighted how the scattering of the electronicmotion inside the dislocation presents the same inertial
effect as that of a nucleus of the same velocity [1].

In addition, the usual values of the damping factor and of theplasma frequency for iron (as well as for other metals)
are in the terahertz band [23], [24]. Thus, during the crushing of the iron-rich rocks, a resonant scattering of plasmons
occurs with a characteristic frequency of the latter around1 TeraHertz. Therefore, the plasmons are absorbed by the
lattice nuclei with the following nuclear reaction:

A

ZX+ γph →

A

ZX
∗

→

A1

Z1
X+ A2

Z2
X+Nn (6)

whereX is the lattice nucleus,A is its mass number,Z is its atomic number,n is the spalling neutron,N its number,
γph is the incoming plasmon [7]–[9], [25], [26] and X* is the compound nucleus X. Reaction (6) is no more than a
resonant effect related to the absorption of the phonon; consequently, the extraction energy for the neutrons, relatedto
reaction (6), can be evaluated as follows [25]:

Eem,Nn = 931 · [M (Z1, A1) +M (Z2, A2) +mph −N mn −M (Z,A) + (Z − Z1 − Z2) me] (7)
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and the energy of any neutron can be evaluated as [25]:

Ek,n =
1

N

A−N

A
(Eph − Eem,Nn). (8)

3. Results and Discussions

In order to discuss the previous results, we must consider some possible reactions [2]–[5] for Fe, as for example:
56

26Fe → 2 27

13Al + 2n (9)
56

26Fe →
24

12Mg + 28

14Si + 4n (10)

where the spalled neutrons (with a resultant energy in the GeV order of magnitude) are expelled together with two main
fragments of the nucleus. In addition, the plasmons in the lattice under crushing have an effective mass (meff ) between
5 and 7 times the proton mass (mp) and a frequency in the terahertz band. In the following, thefrequency and the
effective mass of the plasmons for the different minerals characterizing the rocks tested during the several experimental
campaigns are reported: Phengite,ωph = 16.1 TeraHertz andmeff = 6.9 mp; Biotite, ωph = 15.4 TeraHertz and
meff = 7.1 mp; Olivine, ωph = 24.6 TeraHertz andmeff = 5.2 mp; Magnetite,ωph = 17.8 TeraHertz andmeff =

6.5mp.
On the other hand, the neutron emissions experimentally monitored by means of He3 proportional counter, and

summarized in the next section, refer to the low energy component. As a matter of fact, the elastic and inelastic
interactions of neutrons with matter contribute to the energy slowing down reaching values typical of the thermal
component (0.025 eV).

We must highlight that the reactions (9) and (10) are the consequence of the absorbed plasmon, and this absorption
can be linked to a resonance phenomenon. Consequently, the nucleus jumps to an excited state, and after a time of
10−14 – 10−13 s the reaction occurs.

4. Experimental Results

The theoretical results obtained in the previous sections must be experimentally confirmed. To do so, we consider some
experiments recently published, just to be sure of the results. Neutron emissions were measured during laboratory
experiments conducted on iron-rich rocks. In particular, magnetite specimens were loaded up to the final failure under
monotonic displacement control. Also basalt rocks were tested under cyclic loading conditions (2 Hz) up to the final
failure. In order to detect neutron emissions, the tests were monitored by two different neutron measurement devices:
He3 proportional counter and thermodynamic (bubble) detectors. After the experiments, Energy Dispersive X-Ray
Spectroscopy (EDS) analyses were carried out to detect possible direct evidence of low energy nuclear reactions
on the fracture surfaces. In particular, quantitative evidence of nuclear reactions, involving iron decrease and the
corresponding increase in lighter elements, were observedin the olivine, crystalline mineral phase widely diffused in
the basalt matrix, and in the magnetite. These results reinforce the evidences previously observed for Luserna stone
(granitic orthogneiss) and confirm that phono-fissions takeplace in natural iron-bearing materials subjected to damage
accumulation and cracking.

4.1. Granite

Preliminary tests on prismatic specimens were presented inprevious contributions, recently published [4], [27], [28],
and related to phono-fission reactions occurring in solids containing iron (samples of Luserna stone in compression).
In a preliminary experiment, four specimens were tested, two made of Carrara Marble and two made of Luserna stone
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[4], [27], [28]. All of them were of the same size and shape, measuring 6× 6 × 10 cm3. The neutron measurements
obtained from the two Luserna stone specimens exceeded the background level by approximately one order of magni-
tude, when catastrophic failure occurred. The first specimen reached at time T= 32 minutes a peak load of ca 400 kN,
corresponding to an average pressure on the bases of 111.1 MPa. When failure occurred, the count rate was found to be
(28.3±0.2) 10−2 cps, corresponding to an equivalent flux of thermal neutronsof (43.6±0.3) 10−4 nthermal cm−2 s−1.
The second specimen reached at time T= 29 min a peak load of ca 340 kN, corresponding to an average pressure of
94.4 MPa. When failure occurred, the count rate was found to be (27.2±0.2) 10−2 cps, corresponding to an equivalent
flux of thermal neutrons of (41.9±0.3) 10−4 nthermal cm−2 s−1.

In more recent experiments, cylindrical specimens, with different size and slenderness, were selected. For the
specimens of larger dimensions, neutron emissions, detected by He3, were found to be of about one order of magnitude
higher than the natural background level at the time of the catastrophic failure. These emissions fully confirmed the
preliminary tests [2]–[5], [27]–[35]. For specimens with sufficiently large size and/or slenderness, a relatively high
energy emission is expected, and hence a higher probabilityof neutron emission at the time of failure. Completely
different neutron emission levels were found for differentrocks [2]–[5], [27]–[35]. In particular, for granitic rocks, with
an iron content amount of∼1.5%, a neutron emission up to one order of magnitude greaterthan the background level
was detected. In the case of basalt and magnetite, where the iron concentration is respectively∼15% and∼72.5%,
neutron emissions up to 102 times (for basalt) and 103 times (for magnetite) the environmental level were measured,
whereas for marble, no neutron emissions greater than the background were observed. On the other hand, the results
obtained from steel specimens subjected to compression or tension up to the final failure were characterized by neutron
emissions up to 2.5 times the background level [2].

Furthermore, during compression tests with cyclic loading, an equivalent neutron dose was found at the end of the
test by neutron bubble detectors, about twice higher than the background level [4], [5], [32]. In addition, using an
ultrasonic horn suitably joined to the specimen, ultrasonic tests were carried out on Luserna stone producing a contin-
uous vibration at 20 kHz. At the end of the test, an equivalentneutron dose about twice higher than the background
level was detected [4], [29].

After these tests, Energy Dispersive X-ray Spectroscopy (EDS) analysis was performed on different sample spots
of external or fracture surfaces of the granite specimens used in the fracture experiments, in order to get informa-
tion about possible changes in their chemical composition.The results for phengite and biotite (minerals with a
higher Fe concentration in granite) show that the relative reduction in the iron abundance seems to be counterbal-
anced by the increase in lighter elements such as Al, Si, and Mg. In the case of phengite (Fig. 1), the distribution
of Fe concentrations shows two different values equal to 6.2% and 4.0% for external and fracture surface respec-
tively (Fig. 1a). The measurement precision or percent resolution is equal to 0.1%. Similarly, the Al concentration
(Fig. 1b) shows an average value changing from 12.5% (external surface) to 14.5% (fracture surface). The values of
the iron decrease (−2.2%, Fig. 1a) and of the Al increase (+2.0%, Fig. 2b) are approximately the same, which is really
impressive.

In Figures 2a-d the results for Fe, Al, Si, and Mg concentrations of biotite crystalline phase are shown. In
this case, the iron decrease is about 3.0%, from 21.2% (external surface) to 18.2% (fracture surface) (Fig. 2a). At
the same time, Al content variations show an average increase of about 1.5% (Fig. 2b). In Figures 2c and 2d
it is shown that, in the case of biotite, also Si and Mg contents present considerable variations. The mass per-
centage of Si changes from a mean value of 18.4% (external surface) to a mean value of 19.6% (fracture sur-
face), with an increase of 1.2% (Fig. 2c). Similarly, the mean value of Mg concentration changes from 1.5%
(external surface) to 2.2% (fracture surface), with an increase of 0.7% (Fig. 2d). Therefore, the iron decrease
(−3.0%) in biotite is counterbalanced by an increase in aluminum (+1.5%), silicon (+1.2%), and magnesium
(+0.7%).
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Figure 1. EDS results of Fe and Al concentrations in phengite analysedon samples coming from crushed specimens of granite: (a) Fe concentration
on external surfaces (squares) and on fracture surfaces (triangles). The Fe decrease considering the two mean values ofthe distributions is equal to
2.2%. (b) Al concentration on external surfaces (squares) and on fracture surfaces (triangles). The Al increase, considering the two mean values of
the distributions, is equal to 2.0%.
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Figure 2. EDS results of Fe (a), Al (b), Si (c), and Mg (d) concentrations in biotite analysed on samples coming from crushed specimens of
granite. Considering the analysis done on external and fracture surfaces, the iron decrease (−3.0%) in biotite is counterbalanced by an increase in
aluminium (+1.5%), silicon (+1.2%), and magnesium (+0.7%).

4.2. Basalt

After the mechanical loading experiments, Energy Dispersive X-ray Spectroscopy (EDS) was performed on different
samples of external and fracture surfaces, belonging to thesame specimen used during the cyclic loading test on
basalt. The analysis was conducted in order to correlate theneutron emission from the specimen with the variations
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in rock composition and to detect possible anomalous transformations from iron to lighter elements. The quantitative
elemental analyses were performed by a ZEISS Supra 40 Field Emission Scanning Electron Microscope (FESEM)
equipped with an Oxford X-rays microanalysis [5], [32]–[34].

The first analysis was performed on fracture surfaces of a basalt specimen after the fatigue test and the consequent
failure. In this case, similarly to the case of Luserna stone[34], taking into account the heterogeneity of the material,
the samples were carefully chosen to investigate and compare the same minerals before and after the failure. In
particular, olivine was considered due to its high iron content (∼24%) and because it is rather abundant within this
type of rock [34].

In Figs. 3a-c, the distributions of Fe, Si, and Mg concentrations in olivine are reported, for external and fracture
surfaces. It can be observed that the distribution of Fe content for the external surface shows an average value of 18.4%
(Fig 3a). In the same graph, the distribution of Fe concentrations on the fracture sample shows a significant variation.
It can be seen that the mean value of the distribution of measurements performed on the fracture surface is equal to
14.4%, considerably lower than the mean value of external surface measurements (18.4%). Similarly to Fig. 3a, in
Fig 3b the Si mass percentage concentrations are considered. For Si contents, the observed variations show a mass
percentage increase approximately equal to 2.2%. The average value of Si concentration changes from 18.3% on the
external surface to 20.5% on the fracture surface. In Fig. 3cit is shown that, in the case of olivine, Mg content also
presents considerable variations. Figure 3c shows that themass percentage concentration of Mg changes from a mean
value of 21.2% (external surface) to a mean value of 22.8% (fracture surface) with an increase of 1.6%. Therefore, the
iron decrease (−4.0%) in olivine seems to be almost perfectly counterbalanced by an increase in silicon (+2.2%) and
magnesium (+1.6%).

The results reported in Figs. 3 are also important from a geophysical point of view. In fact, at the scale of the Earth’s
Crust, the non-homogeneous composition of oceanic and continental crusts could be explained by the transition from
basaltic to sialic compositions. Comparing the data presented in the literature concerning the composition of the two
different types of terrestrial crust, it can be noted that iron concentration changes from∼8%, in the oceanic crust, to
∼4% in the continental one [36]–[43].

4.3. Magnetite

Similar quantitative results have been obtained also in thecase of magnetite. The fracture surfaces of a magnetite
specimen were analyzed in order to recognize possible evidence of phono-fission reactions. Taking into account the
homogeneity of the chemical composition of this material (Fe-oxides content∼95%), the analysis on the external
surface of this rock was conducted in a different manner withrespect to granitic and basalt rocks. In this case, in
fact, taking into account the homogeneity of the rock, both map and spot analyses were performed to evaluate the
composition changes. As mentioned before, the typical composition of magnetite is given by Fe and O, these elements
representing about the 95% of this kind of rock. The remaining part is represented by traces of other elements such as
Na, Si, Cl, and K. Maps of dimension 250µm × 200µm were analyzed to detect the presence of significant changes
in the chemical composition.

In Fig. 4, the chemical element concentrations are reportedindicating the mass percentages for both external and
fracture surfaces. At a first glance, it can be noted that, forthe fracture surface, consistent contents of Al and Mn
appear after the specimen failure (Fig. 4), whereas they were absent in the analysis performed on the external surface
before the failure test (Fig. 4b,e).

At the same time, on the fracture surface, we observe a significant Fe decrease (Fig. 4a). In order to evaluate these
changes from a statistical point of view, 15 analyses on the external surface and 15 on the fracture surface were carried
out and reported in Figs 4a-e. In these diagrams, similarly to the results obtained for granite and basalt and reported
previously, the mass percentage concentrations for Fe, Al,Si, O, and Mn (Fig. 4) are reported, making a comparison
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Figure 3. Olivine chemical changes after mechanical loading and crushing: (a) Fe decrease (−4.0%) is almost perfectly counterbalanced by an
increase in Si (b) (+2.2%) and Mg (c) (+1.6%).
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Figure 4a. Iron chemical element concentration, with mass percentages for both external and fracture surface. Fe decreased by about 27.9% in
Magnetite after the brittle fracture of the specimen. The Feconcentration on the external surface was about 64.8% and the concentration on the
fracture surface, after the test, was 36.9%.

between external and fracture surfaces. It is interesting to observe a decrease in Fe concentration of 27.9% (from a
value of 64.8% down to 36.9%). At the same time, Al concentration increases from zero to a mean value of 10.1%. It
is important to consider that approximately one third of theFe decrease may be counterbalanced by the Al increase.
The remaining percent of iron decrease seems to be almost perfectly counterbalanced by the increases in the other
elements.

The appearance of Al and Mn, absent before the test, and the almost perfect balance between the Fe decrease
(−27.9%) and the increase in the other elements (+27.7%), could be considered as direct evidences that nuclear reac-
tions of a new type take place. Al, Si, O, and Mn are increasingon magnetite fracture surface after the experiments.
In particular Al and Mn, with concentrations of about 10.1% and 2.2% after the experiment, were absent before the
same experiment, or observable in traces on the external surfaces.

5. Conclusions

Theoretical explanations to these phenomena were recentlygiven by Widom et al [12], [16], in order to justify
neutron emissions as a consequence of nuclear reactions taking place in iron-rich rocks during brittle fracture. The
same authors argued that neutron emissions may be related topiezoelectric effects and that the iron nucleus splitting
may be a consequence of a nuclear photodisintegration.

As a conclusion and according to the experimental results, this hypothesis regarding iron depletion finds very
important evidence and confirmation on the scale of the Earth’s Crust, when particular pressure waves originate from
fracture phenomena as well as before or in correspondence toan earthquake [3]–[5], [27]–[35], [38], [44], [45].
The phono-disintegration reactions are the final conclusions from our theoretical approach, starting from collective
oscillations of electronic density inside the solid lattice.

Phono-disintegration reactions can be therefore considered in order to interpret the most significant geophysical
and geological transformations, which are still unexplained today. The laboratory results herein reported for granite,
basalt, and magnetite give a new and original interpretation to the evolution of the lithosphere of our planet, and
contribute to the explanation of the difference between oceanic and continental crust compositions due to subduction
and seismic phenomena.
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Figure 4b-e. Aluminum, Silicon, Oxygen and Manganese, chemical elementconcentrations, with mass percentages for both external and fracture
surface.

Appendix

Let us consider an electron gas which moves through a latticedislocation. As a consequence of this electron flow, a
charge asymmetry occurs on the opposite sides of the dislocation. As a consequence of the generated opposite sign, a
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reactive force appears, generating a simple harmonic motion at the plasmonic frequency, and results in Equation (1)
as evaluated in [6]. This relation is difficult to evaluate, so we consider the Relations (3) and (4) into the Equation (1),
obtaining:

ω2

ph =
neffe

2

ε0meff

=
A
a2ne

2

ε0µ0

2π
ne2A ln

(
a
r

) =
2π

ε0µ0a2 ln
(
a
r

) =
2π c2

a2 ln
(
a
r

) (11)

where the plasmonic frequency can be evaluated only in relation to the characteristics of the lattice [1]. Here, the
problem is to evaluate the quantityr. Following the results obtained in [6], at first approximation, r can be assumed
to be of order of 10−6 m. In this way, we are able to evaluate the plasmonic frequency by introducing only one
approximation which is the value ofr.
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